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     Numerical Studies of Collapse Behaviour of Multi-span 
Beams With Cold Formed Sigma Sections  
F. L. Wang1, J. Yang2, J. Lim3 
Abstract  
Multi-span cold-formed steel beams are widely used for roof purlin and cladding 
rails due to their high strength to weight ratio and ease of installation on site. 
There are a wide variety of cross-sectional shapes e.g. C, Z, top hat and sigma 
sections. A sigma section possesses several advantages such as high cross-
sectional resistances and large torsional rigidities compared with standard Z or C 
sections.  
Traditional design methods for cold-formed multi-span steel beams have been 
based on elastic theory, such as the Effective Width Method (EWM) and the 
Direct Strength Method (DSM). Both methods ignore the effect of redistribution 
of moments on the ultimate failure load. A Pseudo-Plastic Design Method 
(PPDM) has been recently proposed for statically indeterminate structures in 
order to improve the efficiency of the methods. This method is analogical to 
conventional plastic design theory by introducing a pseudo-plastic moment 
resistance (PPMR) to allow for the benefit of redistribution of moments. 
The objective of this paper is to summarize the efforts in numerical validation of 
the PPDM method used in the continuous beams. A series of finite element 
models are described to examine the collapse behaviour of multi-span cold-
formed beam systems. Parametric studies are carried out to investigate the 
influence of geometric dimensions on the collapse behaviours. Comparisons are 
made between different design methods and laboratory tests for determining the 
                                                 
1 PhD student at School of Civil Engineering, University of Birmingham, UK 
2  Professor at School of Naval Architecture, Ocean and Civil Engineering, 
Shanghai Jiao Tong University, Shanghai 200240, PR China; 
Doctor at School of Civil Engineering, University of Birmingham, UK 
3 Doctor at School of Planning, Architecture and Civil Engineering, Queen's 
University Belfast, UK 
Twenty-Second International Specialty Conference on Cold-Formed Steel Structures 
St. Louis, Missouri, USA, November 5 & 6, 2014
345
  
ultimate load, demonstrating that the PPDM method can lead to more 
economical result when compared with traditional design methods.  
1 Introduction 
The individual constituent elements of cold-formed steel members are usually 
slender, i.e., having small thickness in comparison with their widths, and hence 
LB, DB and LTB may likely to occur, leading to pre-mature buckling failure. 
The constituent elements will not necessarily lose their full load bearing 
capacity when their critical buckling stress is reached, but instead they will 
continue to carry increasing loads in excess of the initial buckling load. In the 
case of multi-span beams system, failure of one element will not lead to an 
immediate collapse of the system. In fact, internal loads will be re-distributed 
and the system can continue to carry higher loads. Traditional design methods 
for cold-formed multi-span steel beams have been based on elastic theory, such 
as the Effective Width Method (EWM) [1] and the Direct Strength Method 
(DSM) [2, 3]. Both methods ignore the effect of redistribution of moments on 
the ultimate failure loads. A Pseudo-Plastic Design Method (PPDM) has been 
recently proposed for statically indeterminate structures in order to improve the 
efficiency of the methods. This method is analogical to conventional plastic 
design theory by introducing a pseudo-plastic moment resistance (PPMR) to 
allow for the benefit of redistribution of moments.  
The pseudo-plastic design method (PPDM) was initially introduced by Davis 
and Raven [4] for cold-formed steel section. The PPDM method follows 
conventional plastic design methods but allows for the redistribution of 
moments effect in the system, by considering the development of a pseudo-
plastic hinge near to the internal supports. Design by employing this method will 
lead to a higher loading capacity for such systems, and will render a more 
economical design when compared to elastic design methods. Recently, Liu and 
Yang [5] developed an implementable approach for sigma section. They 
proposed an internal support test to study the PPMR of continuous beams with 
cold-formed steel sigma sections at internal supports [6].  
In this paper, 3-D numerical models are established to investigate the collapse 
behaviour of cold-formed steel multi-span beams with sigma sections. The 
validated model will be extended to analyze the collapse behaviour of multi-
span beam systems, from which the rationale of the PPDM method can be 
further examined. Recommendations will be made as to whether a pseudo-
plastic design approach is more favourable over traditional design methods. 
Both elastic buckling and nonlinear finite element analysis are undertaken by 
using general purpose finite element program ANSYS [7].  
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2 Numerical analysis of two-span continuous beam 
2.1 Modelling process 
A two-span continuous beam made of sigma cross section (see Fig. 1.b), having 
a total length 12m, section depth 300mm and thickness 1.8mm is considered as 
an example to illustrate the FEM modelling and calculation process. This cross 
section is referred as 12-30018 hereafter.  
 
   (a) Two-span beam           (b) Sigma Cross section 12-30018 
Fig. 1 Geometric model of a two-span continuous sigma beam 
Two spans are connected by four bolts as internal support, and the connecting 
bolts are modelled with quarter circular plates with the same thickness as the 
cross-sectional thickness. SHELL181 is used to represent the cross-section of 
the sigma beam, and SHELL63 is used to idealize the bolt elements. The 
nominal yield strength of the tested sigma sections is 450N/mm2 and the plastic 
nonlinear properties are according to Liu and Yang [5, 6]. The central node on 
each plate is vertically restrained and other nodes on the plate are horizontally 
restrained. The nodes on the upper quarter of the bolt hole and the external 
circular surface of the plate are coupled together (Fig. 2a). The longitudinal 
movement of beam is restrained at the mid-span section and the model is 
restrained along outerweb-flange junction lines in the lateral and rotational 
directions. The lateral and torsional restraints are representing the 






   (a) Bolt connections     (b) Lateral and rotational restraints 
Fig. 2 Finite element boundary conditions 
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The loading pattern and the development of bending moment are shown in Fig. 
3. It is can be predicted that when yield load arrived, the stress at the internal 
support reaches the yield level and the first plastic hinge formed at this section. 
Then continuing loading the beam will causes the formation of a second plastic 
hinge in the mid-span, which then turns the beam into a mechanism. At the same 
time, the distance between inflection point and mid-length point reduces from S 
to S'; the moment at mid-length Mp will shift to Mpp which indicates the 
development of redistribution of moments in the continuous beam.  
 
Fig. 3 Moment diagram of two-span beam  
2.2 Results discussion 
The curve of load against displacement at mid-span is shown in Fig. 4. It can be 
seen that there are four distinct stages in the load-displacement curve, pre-failure 
stage (linear ascending), plastic hinge stage (the plateau), moment redistribution 
stage (nonlinear ascending) and post-failure stage (nonlinear descending). The 
yield load is about 6.0kN/m and the ultimate load is considered as the failure 
load which is 6.5kN/m.  
 
Fig. 4 Load-displacement curve at mid-span point of the left span 
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Figure 5 reveals uniformly distributed load (UDL) against the development of 
the moment at internal support and mid-span section, respectively. As can be 
seen from curves once the yield load (6.0kN/m) is reached, the moment at the 
internal support reaches its maximum value and a non-linear descend curve will 
form. But the moment at the mid-span section will still increase even when the 
yield load is reached and the increase rate grows considerably; indicating that 
the plastic hinge begins to form at the internal support, but the load capacity of 
the beam will continue to increase due to the redistribution of moments.  
 
(a) At internal support section      (b) At left mid-span section 
Fig. 5 Applied UDL vs. moments at various cross sections 
The development of the inflection point is shown in Fig. 6. The vertical axis 
represents the distance S between the inflection point and the internal support 
point; the horizontal axis shows the corresponding applied load (UDL) at which 
this distance was captured. The figure reveals how as the load increases and 
moment redistribution, the distance between inflection point and mid-length 
point moves towards the internal support. 
 
Fig. 6 Location of inflection point  
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The comparison of ultimate load between the present numerical, DSM and 
PPDM method are presented in Table 1. DSM results are obtained according to 
AISI [8] by using finite strip program CUFSM [9, 10]. 
Table 1 Comparison of ultimate load with different method 
Specimens Ultimate load  q3/ q1 q3/ q2 PPDM q1 (kN/m) DSM q2 (kN/m) FEM q3 (kN/m) 
12-20012 2.12 1.60 2.13 1.00 1.33 
12-20016 3.11 2.45 3.25 1.05 1.33 
12-20025 5.67 4.76 6.01 1.06 1.26 
20-20025 N/A 1.72 2.76 N/A 1.60 
12-24015 3.9 2.89 4.0 1.02 1.49 
12-24023 6.98 5.25 6.99 1.00 1.33 
20-24030 N/A 2.75 3.95 N/A 1.44 
12-30018 6.88 4.48 6.46 0.94 1.44 
12-30025 11.03 7.30 11.12 1.01 1.52 
20-30030 4.27 3.29 4.35 1.02 1.32 
Average     1.01 1.41 
 
Table 1 demonstrates that the ratio of the ultimate load between FEM and 
PPDM is close to 1.00, with the maximum being 1.06, in contrast to the ratios 
between FEM and DSM is found to be close to 1.41, with the minimum ratio 
being 1.26. It can be concluded that the PPDM method produces more 
favourable results than DSM and showed better agreement with FEM. This is 
because PPDM method is base on plastic method by utilizing the effect residual 
moment capacity of the cold-formed steel beams in the plastic hinge zone, and 
allows redistribution of moments in the beams, which will inherently lead to a 
more economic result. 
3. Numerical analysis of Three-span continuous beam 
A three-span continuous beam is considered in this part to further investigate the 
collapse behaviour of multi-span beams; the geometric model is illustrated in 





Fig. 7 Geometric dimensions of three-span model 
The UDL-Displacement and UDL-Moment curves at different sections are 
shown in Fig. 8, respectively. Figure 9 present the deformation and stress 
contours when plastic hinges formed at internal supports.  
 
Fig. 8 UDL-moment curves 
 
Fig. 9 Deformation and stress contour  
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It can be seen from Fig. 8 that the ultimate load of the beam is 7.5kN/m. In the 
pre-yield stage, as the cross sections yield continuously under increasing load, 
the bending moment in the beam also increases. When UDL is reaching around 
6.4kN/m, the moment capacity at internal support B and D are reached at plastic 
moment Mp (15.7kNm and 15.1kNm, respectively). At this moment, plastic 
hinges formed at the internal support sections, which allow the beam on either 
side to rotate freely under the moment Mp, and induce the redistribution of 
moments in the beam (Fig. 9). After this point, the moment at internal support 
(B and D) section decreases and the moment at mid-span (A and E) and mid-
length (C) section will continue to carry loads due to moment redistribution until 
sufficient plastic hinges have formed to lead the beam to a mechanism.  
4 Parametric studies 
4.1 Effect of thickness, depth and span length 
A parametric study has been conducted to validate the influence of geometric 
dimensions on the behaviour of the two-span sigma beams. These cross-sections 
were all tested by Liu and Yang [5, 6]. The relationship between the applied 
load (UDL) and displacement at the left mid-span point are show in Fig. 10-12, 
where the curves are divided into three groups based on different cross-sectional 
thickness, cross-sectional depth and beam length.  
 
  (a) 12-200 series               (b) 12-240 series  





    Fig. 10 c) 12-300 series          Fig. 11 Effect of beam length 
 
 (a) 20-30 series                    (b) 12-25 series  
Fig. 12 Effect of depth 
The parametric study shows that the thickness, depth or length will affect the 
ultimate load of continuous two-span beams. It can be seen from these curves 
that the ultimate load will increase as the thickness and depth of cross sections 
increase, and decrease as the length of beam span increase. It can be seen from 
Fig. 10 (a) that the ultimate load of 12-20012, 12-20016, 12-20025 are 
2.13kN/m, 3.25kN/m and 6.01kN/m, respectively, and the load carrying 
capacity increases 53% and 85% as the thickness increase. The same conclusion 
also can be found from Fig. 10 (b) and (c), where the load carrying capacity 
increases 75% and 72% in 24-240 and 24-300 series, respectively. The effect of 
section depth is demonstrated clearly in Fig. 12 (a) and (b), with the ultimate 
load increasing 85% as the section depth increases from 12-20025 (6.01kN/m) 
to 12-30025 (11.12kN/m); there is a 10% increase when the section depth 
increases from 40-24030 (3.95kN/m) to 40-30030 (4.35kN/m), which means 
that the influence of section depth will decrease as the span length increase. The 
effect of span length can be observed in Fig. 11; the ultimate load decreases 
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54% as the span length increases from 6m (6.01kN/m) to 10m (2.76kN/m), with 
a section depth of 200mm and thickness of 2.5mm.  
4.2 Effect of different numbers of span and load conditions 
In order to further examine the PPDM method, more models with different load 
patterns, span lengths and number of span have been analyzed with both PPDM 
and FEM. The section 30018 is chosen as the cross-section and yield strength of 
steel is 450MPa, the results are shown in Table 2, the PPDM results are 
calculated according to the method presented in Liu and Yang [5, 6] and FEM 
values from ANSYS analysis.  








PPDM ppq  FEM FEq  
 
4.0kN/m 3.8kN/m 1.06 
6.7kN/m 7.5kN/m 0.90 
6.63kN/m 7.1kN/m 0.93 
 
6.69kN/m 6.9kN/m 0.97 
 
20.37kN  18.76kN 1.08 
 
14.06kN 15.75kN 0.90 
Average ratio   0.97 
As we can seen from Table 2 that the calculation of the ultimate load according 
to PPDM method has a good agreement with the FEM result; the ratio of the 
ultimate load between PPDM and FEM was found to be close to 1, with the 
minimum ratio being 0.9 and maximum ratio 1.08. 
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4.3 Effect of yield strength 
All specimens in the laboratory tests carried out by Liu and Yang [5, 6] have the 
same yield strength 450Mpa. In order to determine whether beams with different 
yield stresses are suitable with PPDM method, numerical studies are conducted 
to investigate the influence of material strength. The specimen 12-30018 is 
chosen for the geometric model, and three yield strengths 350MPa, 450MPa and 
550MPa are analyzed, respectively. The load-displacement curves are shown in 
Fig. 13. 
 
Fig. 13 Comparison between different yield strength  
 
The comparison of ultimate load between numerical studies and PPDM are 
present in table 3: 
 Table 3 Comparison of FEM with PPDM for different yield stresses 
 




FEM q1 PPDM q2 
350MPa 6.21kN/m 5.9kN/m 0.95 
450MPa 6.53kN/m 6.88kN/m 1.05 
550MPa 6.75kN/m 7.4kN/m 1.09 
Average  1.03 
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It can be seen from Table 3 that the ultimate load results between FEM and 
PPDM have good agreement; the average ratio between PPDM and FEM is 
1.03, which indicates that PPDM method still applicable in an extensive range of 
yield strength. 
5 Conclusions 
The results from both the numerical analysis and the parametric studies have led 
to the following conclusions: 
1 Values for the ultimate load of the specimens tested, calculated using PPDM 
method showed good agreement with the results of the finite element model.  
2 As the load applied to the beam is increased, the inflection point of the beam 
moves closer to the internal support. This is a strong indication of redistribution 
of moments taking place at the internal support. 
3 Use of the PPDM method over elastic analysis methods DSM could lead to 
more economical design of continuous cold-formed steel beams. 
4 It can be seen from Table 1 that no value could be obtained for the specimen 
20-20025 and 20-24023 in PPDM method. This is due to the specimens failing 
through the Lateral-Torsion Buckling action.  
5 Further studies demonstrate that PPDM method can be used in continuous 
beams with different load patterns and span numbers, and PPDM is also 
applicable for yield strength 350MPa and 550MPa. 
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